In view of the complex calculation and limited fault tolerance capability of existing neutral point shift control algorithms, this paper studies the fault-tolerant control method for sub-module faults in modular multilevel converters on the basis of neutral point compound shift control strategy. In order to reduce the calculation complexity of shift parameters in the traditional strategy and simplify its implementation, an improved AC side phase voltage vector reconstruction method is proposed, achieving online real-time calculation of the modulation wave adjustment parameters of each phase required for fault-tolerant control. Based on this, a neutral point DC side shift control method is proposed to further improve the fault tolerance capability of the modular multilevel converter (MMC) system by compensating the fault phase voltage with non-fault phase voltage. By means of the compound shift control strategy of the DC side and AC side of the neutral point, an optimal neutral point position is selected to ensure that the MMC system output line voltage is symmetrical and the amplitude is as large as possible after fault-tolerant control. Finally, the effectiveness and feasibility of the proposed control strategy are verified by simulation and low-power MMC experimental system testing.
Introduction
In recent years, modular multilevel converters (MMCs) have found wide applications in the fields of medium and high voltage DC transmission, traction power supply, and high power AC drive, owing to their advantages of small output harmonics, high modularity and flexible structure. However, compared with the traditional multilevel converter, the MMC main circuit has more sub-modules (SMs) and contains more devices. Also, the control method is more complicated, and the fault probability of each SM and its internal devices increases accordingly [1, 2] . If the SM faults in the system are not handled in time, there will be large deviations in the fault SM voltage, causing overload of other devices or SMs in the system. Thus, the non-fault phase may be impacted, and the overall output performance of the system will be affected [3] [4] [5] . Therefore, the fault-tolerant control after SM fault is of great importance.
Currently, the SM fault-tolerant control method for MMC falls into two major categories: redundant backup and non-redundant backup. Redundant backup control improves the operating characteristics of the system mainly by adding a backup SM to the bridge arms of each phase. When a fault occurs, a backup SM will function to ensure the continuous operation of the system. Despite the advantages of small loss and simple control [6, 7] , its disadvantages are also obvious. (i) After the fault, it takes a fairly long time to charge the backup SM and the output voltage waveform distortion is quite large [8, 9] . (ii) The backup SM increases the cost of the converter [10] . (iii) In the same bridge arm, fault tolerance can be performed only when there are fewer faulty SMs than backup SMs [11] . In contrast, non-redundant backup control [12] [13] [14] requires no redundant SM. By use of the characteristics of the MMC's topology and modulation strategy after SM faults occur, the system can operate at rated or reduced power by adjusting the control strategy. So far, the research on MMC non-redundant backup SM fault-tolerant control strategies has focused on energy balance strategy [15] , zero-sequence voltage injection method [16] and neutral point shift control strategy [17] . Among them, neutral point shift control has a more obvious fault-tolerant effect. The traditional method is neutral point AC side shift control, that is, in case of asymmetrical maximum output power of the three-phase voltage after converter fault, the original neutral point is shifted to reconstruct an AC side phase voltage vector so as to obtain the adjustment parameters of the corresponding vectors (such as the amplitude and initial phase) and achieve symmetrical output of the line voltage. The related algorithm is complex and computationally intensive in this method. For the reconstruction of adjustment parameters, they first need to be stored after offline calculation and then obtained after table look-up for fault-tolerance. Originally used in the converter system of unit cascade topology, it is not fully applicable to the MMC system. In view of this, Ref. [18] proposed a control strategy for neutral point shift in the direction of the AC side fault phase voltage vector. Fault-tolerant control of SM faults in MMC systems is realized by optimizing the reconstruction of the AC side phase voltage vector and obtaining the algorithm of adjustment parameters. However, this method is not without problems. For example, the reconstruction adjustment algorithm is not simple enough, and there are restrictions on the number of faulty SMs. Also, the fault-tolerant capability is limited, and it is only applicable to SM faults in single-phase bridge arms.
This paper proposes an SM fault-tolerant control strategy based on neutral point compound shift for the MMC system under Phase Disposition PWM (PDPWM) [19] , in hope of solving the problems of complex calculation and limited fault tolerance capability of existing neutral point shift control algorithms. Compared with the current approaches, it has three main benefits: (i) The computational complexity of the fault-tolerant reconstruction adjustment parameters is reduced, and the implementation of the algorithm is simplified by optimizing AC side phase voltage vector reconstruction method; (ii) The proposed neutral point DC side shift control method further increases the number of single-arm faulty SMs that can be fault-tolerant, and improves the fault compatibility; (iii) The optimal neutral point position can be selected based on the compound shift control mechanism of the neutral point DC side and AC side so that the MMC system output line voltage is symmetrical and the amplitude is as large as possible. Finally, the effectiveness of the proposed strategy is verified by simulations and experiments.
MMC Basic Principles and Fault Tolerance Capability Analysis

MMC Basic Principles
The MMC main circuit and its sub-module topology are shown in Figure 1 . U d is the system DC bus voltage. Each phase consists of upper and lower bridge arms, in which two identical electric reactors (L jp , L jn (j = a, b, c)) are connected in series. The reactors are intended to suppress the charging current at startup, restrain the internal circular current during operation, and reduce the rising rate of current when a fault occurs. Each bridge arm is connected in series with N SMs, and a single phase has a total of 2N SMs. Each SM consists of an upper and a lower switching tube (T 1 and T 2 ) connected in parallel with the capacitor C. On the left side of the converter is the DC side input end, and the midpoint where the upper and lower arm reactors of each phase are connected is the output end of the Energies 2019, 12, 876 3 of 22 AC side. Due to the modular structure of the MMC, the number of SMs can be increased or decreased to meet the needs of different voltage and power levels. In each SM, the output voltage can be made zero or the capacitor voltage u C by controlling the status of the switching tubes T1 and T2. Since the SMs are independent of each other, the multi-level voltages can be output by continuously changing the number of input SMs of each bridge arm and superimposing them with appropriate basic modulation strategies.
Fault Tolerance Capability Analysis of MMC Bridge Arms under PDPWM Modulation
When the MMC system operates under PDPWM modulation, we first calculate the number of SMs that need to be input at each moment. Then, in combining the current direction of the bridge arm, the input SM is selected by means of the capacitor voltage sorting algorithm to ensure capacitor voltage equalization of each SM during system operation [19] . For the convenience of description, we take the SM open-circuit fault in the upper arm of a-phase as an example (N = 4) and discuss the fault tolerance capability of single-phase bridge arms. Figure 2a ,b show the SM modulation waves of the upper and lower arms and the corresponding output phase voltages in normal operation and in fault operation. It can be seen from Figure 2a that at the maximum modulation ratio, the output phase voltage amplitude can be as large as ±U d /2 in normal system operation. According to Figure 2b , after SM fault, the a-phase upper arm modulation wave is derated to the middle area, and the total modulation area of the upper arm is divided into three parts: "modulation area", "fault area" and "no modulation wave area". The presence of "modulation area" is a necessary condition for the generation of modulation waves. Meanwhile, to ensure the symmetry of the output phase voltage and keep the total number of upper and lower arms constant, it is necessary to derate the modulation wave of the lower arm accordingly. At this time, the total modulation area of the lower arm is also divided into three areas: "modulation area", "no modulation wave area" and "waste area", and the maximum output phase voltage amplitude falls to ±U d /4. From the above analysis, it can be seen that to ensure a certain "modulation area", the maximum number of faulty SMs allowed for the a-phase single arm is 1 when N = 4. Similarly, the method is also applicable to the fault tolerance analysis of b-phase and c-phase single arm in fault operation. Further analysis shows that when there are N fault j,p and N fault j,n faulty SMs in the upper and lower arms in any phase, the maximum number of faulty SMs for the fault phase single arm and the maximum output phase voltage amplitude U fault j,PhMax are expressed as
Since the power device in SMs such as IGBT must not be on for a long time, the maximum number of faulty SMs allowed per bridge arm in any phase of MMC is N fault j,armMax = N/2 − 1, under the condition that the phase voltage is not zero. It can be seen that the allowed maximum number of faulty SMs in each phase under PDPWM modulation is limited. To further enhance the fault tolerance capability of all phases, the existing neutral point shift control strategy needs to be improved.
MMC Fault-Tolerant Control Strategy Based on Neutral Point Compound Shift
Improved Neutral Point AC Side Shift Control Strategy
Compared with the existing methods, the improved neutral point AC side shift control strategy is not only applicable to the MMC system, but also more convenient to reconstruct the output phase voltage vector after SM fault. Also, the phase voltage modulation wave reconstruction parameters required for fault-tolerant control can be obtained quickly. Here is the analysis of the main principle.
When the MMC system is in normal operation, the modulation wave signals of the upper and lower bridge arms of each phase are expressed in Equation (3) .
where S normal is the initial phase of the three-phase modulation wave, m normal is the modulation ratio of the system in normal operation, and ω is the angular frequency of the system output voltage. For the convenience of description, we assume that in normal system operation When SM faults occur, the fault phase voltage output capability decreases as the number of faulty SMs increases. In order to keep the output line voltage of the system symmetrical and the amplitude as large as possible after the fault, it is necessary to reconstruct the original phase voltage modulation waves within the range of the output capability of each phase voltage. In other words, by adjusting the modulation ratio and initial phase of the modulation waves of each phase, we achieve stable fault-tolerant operations of the MMC system.
According to the neutral point AC side shift control principle, the reconstruction of the modulation waves of each phase voltage after the SM fault is essentially the vector reconstruction process of corresponding MMC output phase voltages. That is to say, after the fault, the phase voltage vector amplitude is adjusted according to the maximum output capability of each phase first, and then the initial phase is adjusted in such way as to reconstruct a phase voltage vector triangle with the largest symmetrical line voltage of the output amplitude. The improved neutral point AC side shift control strategy proposed in this paper aims to optimize the vector reconstruction method of the MMC system output phase voltage after SM fault and simplify the calculations of corresponding adjustment parameters to reduce the complexity of algorithm implementation.
Without loss of generality, we take the open circuit fault of a and b phases as an example to describe how the improved control strategy works. As shown in Figure 3b , the red marked U fault j,phase (j = a, b, c) is the three-phase output voltage vector after fault-tolerant reconstruction, and its amplitude and initial phase have been adjusted. At this time, the initial phase difference between the output voltage of adjacent phases is α fault a,b , α fault b,c , α fault c,a , respectively, and δ indicates the initial phase change before and after the fault of a-phase voltage. Meanwhile, the equivalent neutral point of the output phase voltage vector triangle after reconstruction is shifted from the normal point O to O'. Then, the phase voltage amplitude output area will be shown as the red circle in dotted lines in Figure 3b . Correspondingly, using the improved control strategy proposed in this paper to reconstruct the modulation waves of each phase voltage after fault mainly involves a few aspects.
(1) Calculate and determine the maximum output voltage of each phase First, calculate the amplitude of the maximum output voltage of each phase after fault according to Equation (2) . In order to ensure the ability of the system to output symmetrical line voltages, Energies 2019, 12, 876 6 of 22 the amplitudes of the three output phase voltages should be able to form an equilateral triangle. That is to say, the sum of the amplitudes of any two voltages should be greater than or equal to the amplitude of the output voltage of the third phase. If the condition is not satisfied, we select the maximum amplitude among the three output phase voltages, and denote the corresponding phase as k (k = a, b, c). Then, modify the amplitude of the maximum output voltage that k phase is capable of, so that it is equal to the sum of the amplitudes of the maximum output voltages of other two phases.
where i = a, b, c, j = a, b, c, and i = j = k.
After normalizing the amplitude of the maximum output voltage of each phase, we can obtain the maximum modulation ratio that each output phase voltage can be capable of.
where j = a, b, c.
(2) Calculate and determine the initial phase of the output voltage vector of each phase
As shown in Figure 3b , make an auxiliary regular triangle A with U fault b,phase as one side, and another side of triangle A and U fault a,phase form another auxiliary triangle B. It can be deduced mathematically that the lengths of the three sides of triangle B are equal to U fault a,PhMax , U fault b,PhMax , and U fault c,PhMax . Then, the initial phase difference α fault a,b can be obtained by using the cosine theorem.
Similarly, we can calculate α fault b,c and α fault c,a . According to the amplitude and phase difference of the voltage vectors of any two adjacent phases, the line voltage amplitude after fault reconstruction U fault line can be obtained by applying the cosine theorem. Given U fault a,PhMax , U fault b,PhMax and α fault a,b , we have
According to the sinusoidal theorem, the change of initial phase of a-phase voltage after fault, and the initial phase of the three-phase output voltage vector after fault reconstruction can be expressed as the following equations.
where ϕ fault 0, j is the initial phase of three-phase output voltage vector after fault reconstruction (j = a, b, c). According to the calculated maximum modulation ratio and initial phase of the output phase voltage of each phase after fault, the modulation waves of the upper and lower arm voltage of each phase after reconstruction can be expressed as
where S fault j,p and S fault j,n are the upper and lower arm voltage modulation waves after reconstruction, respectively, j = a, b, c.
It can be seen that after SM open circuit fault occurs in the MMC system, the implementation of the above control algorithm is basically a three-step process. First, the faulty SMs are bypassed according to the fault signal. Then, using the improved neutral point AC side shift algorithm, the phase voltage vector reconstruction adjustment parameters of the corresponding faults are calculated online. Finally, the original phase voltage modulation waves are reconstructed by use of the obtained adjustment parameters to generate new modulation wave signals.
Obviously, the above algorithm is simple and real-time, which reduces the complexity of the implementation considerably. However, there is still a problem that the fault tolerance capability of each phase is limited. If the number of faulty SMs of each phase exceeds a certain value, the system cannot continue to function. Therefore, we present a control method based on the neutral point DC side shift, which uses non-fault phase voltage to compensate for the fault phase voltage and thus improves its modulation area and fault tolerance capability. And combined with the improved AC side shift strategy, a neutral point compound shift control method is proposed to achieve optimal fault-tolerant control of MMC.
Neutral Point Compound Shift Control Strategy
Principle of Neutral Point DC Side Shift
From the MMC fault tolerance capability analysis under PDPWM modulation, it can be seen that whether the fault phase still has the ability to output phase voltage is affected by the "modulation area". Here, we take the SM open-circuit fault in the upper arm of a-phase as an example (N = 4) and discuss the principle and advantage of neutral point DC side shift.
As shown in Figure 4a , when the number of faulty SMs is 1, if the neutral point DC side shift control strategy is adopted to shift the modulation waves of the upper and lower arms in the opposite direction on the DC side, the "waste area" and "no modulation wave area" after fault can be fully utilized to increase the "modulation area". According to Figure 2b , it can be seen that after the use of neutral point DC side shift control, the amplitude of maximum output phase voltage can be increased from ±U d /4 to ±3U d /8. Apparently, neutral point DC side shift control can improve the faulty phase voltage output capability effectively.
As shown in Figure 4b , when the number of faulty SMs increases to 2, if the neutral point DC-side shift control is not used, N fault a,armMax > N/2 − 1. Then the fault phase has no "modulation area", and the system cannot continue to operate. After the neutral point DC side shift control is adopted, the fault phase still has phase voltage output capability, and the amplitude of maximum output phase voltage can reach ±U d /4. Obviously, the neutral point DC side shift control can improve the fault tolerance capability of the system effectively.
It can be seen that by using the neutral point DC side shift control strategy, the maximum number of faulty SMs allowed per bridge arm increases from N fault j,armMax = N/2 − 1 to N fault j,armMax = N − 1. The control strategy can improve the voltage output capability of the fault phase by increasing its "modulation area", thereby improving the fault tolerance capability of the system. 
The Implementation of Neutral Point DC Side Shift Control
For the three-phase MMC, the neutral point DC side shift must be performed simultaneously in the three phases. Therefore, when the fault state of each SM in the MMC is known, three-phase fault information should be comprehensively considered overall to obtain the final shift distance. The structure of the specific implementation process is shown in Figure 5 , which mainly includes a fault number count module, a single-phase fault information fusion module, and a three-phase fault information fusion module. It can be seen from the above figure that when the SM fault status is known, the neutral point DC side shift control method first uses the fault number count module to count the number of faulty SMs in the upper and lower arms of each phase. Then, the single-phase fault information fusion module performs fusion control on the fault information of the upper and lower arms, so that the shift distance satisfies the modulation area of the upper and lower arms at the same time. Finally, the three-phase fault information fusion module is used for fusion control so that the three-phase output voltages would have the same reference point to obtain the final neutral point DC side shift distance. The control principle and implementation method of each module will be described below.
(1) Fault number count module Assume that the fault status of each sub-module in the MMC is known, and the fault status of all SMs in the three-phase arm is saved in the form of a 3 × 2N matrix. We use N to represent the number of SMs of each arm, and "0" in the matrix indicates that the SM is working normally while "1" indicates the SM is faulty. For N = 4, the fault flag matrix F flag is as follows when the system works normally. 
In the above matrix, the three rows from top to bottom represents the three phases a, b, and c of the MMC, and each column from left to right represents the 1st to the 2N-th SM of each phase. T are set to logically calculate the fault information in the upper and lower arms of each bridge arm, then the F sum,p and F sum,n can be obtained by Equation (12) .
(2) Single-phase fault information fusion module
For the single-phase circuit of normal MMC, the number of SMs in the upper and lower arms is symmetrical. If the SM fault occurs in the upper or lower arms, a decrease in the number of SMs that can be available to put into operation on one side means that the neutral point of the DC side needs to be shifted to the other side. Therefore, the determination of the neutral point shift distance and shift direction requires comprehensive consideration of the fault information of the upper and lower arms. Figure 6 shows the fault information fusion of a single-phase bridge arm when one SM of the upper and lower arms each is open circuit fault (N = 4). In the figure, the "fault area" corresponds to "1" in the fault flag matrix, and the "modulation area" corresponds to "0" in the fault flag matrix. That is to say, the corresponding single-phase fault flag matrix in this case is As can be seen from Figure 6a , the red dotted lines represent the positions of the DC side midpoint of the upper and lower arms when they are analyzed separately. At this time, the "modulation area" of both the upper and lower arms can be increased by the neutral point DC side shift. Since the DC side shift of the neutral point of any bridge arm must be shifted in the opposite direction to that of the symmetrical arm, the shift distances of the upper and lower arms are offset by each other in this case. The neutral point of the DC side should remain unchanged from the original position, and the shift distance is zero. Therefore, the modulation wave will be as shown in Figure 6b when the upper and lower arm fault information is fused to the same arm.
In order to realize the above-mentioned single-phase arm fault information fusion control, the logical "AND" operation can be performed on the upper and lower arm fault status, based on the results of which to obtain the neutral point DC side shift distance for the single phase. We set a 3 × 1 matrix of F dis,phase to store the neutral point DC side shift distance of each phase, and a 2N × 1 matrix of X = [1
T is set to realize the logical "AND" calculation of phases of the upper and lower arm fault status and the solution of the neutral point DC side shift distance. If the Energies 2019, 12, 876 10 of 22 modulation wave direction of the upper arm is taken as the positive direction, after normalization we have
(3) Three-phase fault information fusion module
For the entire MMC system, when the fault information of the three-phase arm is different, the solutions of the neutral point shift distance of three phases in the matrix are different values. However, in order to make the output line voltage symmetrical, the shift distance needs to be consistent in the three phases. Therefore, on the basis of the single-phase upper and lower arm fault information fusion, three-phase fault information fusion should be conducted.
In order to facilitate the fusion of the three-phase fault information, the above fault flag matrix F flag needs to be modified first. By shifting the SMs which are labeled "1" in the matrix F flag to the front or the end of corresponding rows, the corresponding matrix F flag,carry is expressed as results of which to obtain the neutral point DC side shift distance for the single phase. We set a 31  matrix of dis,phase F to store the neutral point DC side shift distance of each phase, and a N  For the entire MMC system, when the fault information of the three-phase arm is different, the solutions of the neutral point shift distance of three phases in the matrix are different values. However, in order to make the output line voltage symmetrical, the shift distance needs to be consistent in the three phases. Therefore, on the basis of the single-phase upper and lower arm fault information fusion, three-phase fault information fusion should be conducted.
In order to facilitate the fusion of the three-phase fault information, the above fault flag matrix 
After normalization, the three-phase neutral point shift distance can be obtained.
The following is an example of N = 4, one SM fault on the a-phase upper arm, two SM faults on the b-phase upper arm, and one SM fault on the c-phase lower arm. The three-phase fault information fusion results are shown in Figure 7 . Figure 7a is the schematic diagram of modulation waves of each Then, a logical "OR" operation is performed between the rows of the matrix F flag,carry to obtain a fault flag after the three-phase fault information fusion, and the operation results are stored in the 1 × 2N matrix of F flag,fusion . The operation method is shown in Equation (15), in which the first line (line 1 ), the second line (line 2 ) and the third line (line 3 ) in the matrix F flag,carry correspond to the three-phase fault flag, respectively. 
The following is an example of N = 4, one SM fault on the a-phase upper arm, two SM faults on the b-phase upper arm, and one SM fault on the c-phase lower arm. The three-phase fault information fusion results are shown in Figure 7 . Figure 7a is the schematic diagram of modulation waves of each phase after single-phase information fusion. Although the modulation area of each phase is increased significantly, the DC side shift distance of the modulation wave obtained by single-phase information fusion alone cannot guarantee the consistent position of the three-phase DC side neutral point. Figure 7b is the schematic diagram of the "modulation area" after three-phase fault information fusion. As is shown, the final position of the three-phase neutral point should take the midpoint of the area, as indicated by the red dotted line in the figure. Consequently, after the three-phase fault information fusion and the calculation of three-phase neutral point shift distance, the final three-phase modulation wave is obtained as in Figure 7c . Obviously, when different numbers of faulty SMs occur in the MMC system, the above implementation method of neutral point DC side shift control is invariably applicable. Based on the method, the neutral point shift distance when the three-phase modulation area is satisfied simultaneously can be calculated.
According to the above analysis, it can be seen that the neutral point DC side shift control strategy can effectively improve the fault phase voltage modulation area, increase the possibility of AC side reconstruction after fault, thus enhancing the fault tolerance capability of the system.
AC Side Phase Voltage Vector Reconstruction Control under DC Side Shift
Neutral point DC side shift can provide more reconstruction space for the fault phase. In order to control SM fault-tolerant operation more effectively, it is still necessary to further reconstruct the phase voltage vector triangle after fault by combining the improved neutral point AC side shift control strategy described in Section 3.1. For this reason, the AC side phase voltage vector reconstruction control of MMC under neutral point DC side shift control can be performed from the following aspects:
(1) Determine the maximum modulation ratio of the AC side output phase voltage
The maximum phase voltage output capability of each phase of the AC side varies with the neutral point DC side shift. Before reconstructing the output phase voltage vector, it is necessary to re-determine the maximum amplitude that the output voltage of each phase of MMC is capable of after the neutral point DC side shift is adopted. The change of the maximum modulation ratio of each phase voltage, in essence, reflects the change of maximum amplitude of the corresponding phase voltage. For the convenience of discussion, a method is proposed below to determine the maximum modulation ratio of the output voltage of each phase of the AC side under neutral point DC side shift.
When the neutral point DC side shift is not used, the maximum modulation ratio of the voltage of the upper and lower arms after fault are as shown in Equation (17) .
where m fault j,p,acMax and m fault j,n,acMax indicate the maximum modulation ratio of the upper and lower arm voltages, respectively (j = a, b, c) .
When the neutral point DC side shift is adopt and the shift distance is F dis,3phase , the maximum modulation ratio of the output voltage of each phase after fault can be determined according to Equation (18) (j = a, b, c) .
(2) Reconstruct the AC side phase voltage vector according to the maximum modulation ratio
After determining the maximum modulation ratio of the output voltage of each phase under the neutral point DC side shift control, the three-phase output voltage vector triangle after fault can be reconstructed. And new modulation wave signals are generated by reconstructing the adjustment parameters, thus achieving fault-tolerant control of the MMC.
Obviously, the above-mentioned neutral point compound shift control strategy can ensure that the fault phase has a larger phase voltage output capability, but at the expense of the maximum output voltage of the other two phases. Therefore, in some cases, compared with the improved neutral point AC side shift control strategy, the use of this compound shift control strategy is likely not to produce a maximum output line voltage. In order to achieve symmetrical output of the maximum line voltage under different fault conditions, an optimal neutral point location selection method after fault is further proposed to achieve optimal fault-tolerant control of the MMC system.
Optimal Neutral Point Position Selection and Overall Fault-tolerant Control Strategy
Suppose we adopt the improved neutral point AC side shift control strategy and the neutral point compound shift control strategy proposed in this paper, the corresponding symmetrical output line voltage amplitudes are U fault line,ac and U fault line,acdc , respectively. To maximize the output line voltage, we can compare them according to Equation (19) and determine the modulation ratio of the phase voltage m fault j ultimately. If the modulation ratio of any phase among the three is not greater than 0, the system cannot function continuously (j = a, b, c).
Then, according to the improved neutral point AC side shift control strategy, the initial phase of the voltage vector of each phase after reconstruction ϕ fault 0,j (j = a, b, c) is calculated. Finally, the modulation wave signals of the upper and lower arms after correction and adjustment can be obtained (as shown in Equation (20)) so as to achieve fault-tolerant control.
In order to achieve optimal fault-tolerant control effect after SM fault occurs in the MMC system, the corresponding control flowchart is shown in Figure 8 . 
Simulation Verification
In order to verify the effectiveness of the fault-tolerant control strategy proposed in this paper, the MMC traction converter in the high-power AC drive system of CRH high-speed EMUs is taken as the object below [20] . A fault-tolerant control simulation model of MMC is built based on Matlab/Simulink, and an ideal inductive load is adopted. The specific simulation parameters are as follows: DC bus voltage is U d = 3000V, the number of SMs in each phase is 2N = 8, the inductance of the bridge arm is 3 mH, the resistance of the load resistor is 10 Ω, the load inductance is 3 mH, the carrier frequency is 1250 Hz, and the base frequency of the three-phase output voltage is 50 Hz, and modulation ratio is m = 0.9.
Faulty SMs are randomly assigned to cause open-circuit fault in turn and corresponding fault-tolerant control is conducted. We assume that the fault time and the fault-tolerant control (FTC) running time after each fault are both 0.03 s. Since the whole system can allow up to 9 sub-modules to fail when N = 4, two representative SM open-circuit faults are simulated according to the final position distribution of the faulty SM.
Case 1
In this case, the faulty SMs are distributed in the upper and lower arms of each phase. After three-phase fault information fusion, finally there are two SMs remaining in the upper arm and three SMs in the lower arm. Suppose SM a_up4 , SM b_up2 , SM c_down3 , SM b_up3 , SM a_down4 , SM a_up2 , SM b_down3 , SM c_up1 , and SM c_up3 in the system have open-circuit fault in sequence and corresponding fault-tolerant control is carried out. The corresponding sequence of SM faults and the post-fault equivalent topology are shown in Figure 9 . It can be seen that the voltage waveform of the fault phase bridge arm is obviously distorted during each fault operation stage. As the number of faulty SMs increases, the voltages of the upper and lower arms of each phase are always inversely symmetrical. In the neutral point shift voltage waveform diagram, in order to make the simulation results clearer, the low-frequency signal is filtered by a low-pass filter, as shown by the solid black line. When the neutral point shift base voltage is a DC waveform and is not zero, it indicates a DC side neutral point shift. When the neutral point shift base voltage is an AC waveform, it indicates an AC side neutral point shift. When t = 0.44, all the 9 SMs are faulty. At this time, the neutral point shifts upward to 375 V and the bridge arm voltage waveform is reduced to two levels. The corresponding calculated results of fault-tolerant reconstruction parameters in each stage are shown in Table 1 . 
Case 2
In this case, the faulty SMs are distributed in the upper arm of three phases. After three-phase fault information fusion, finally there is 1 sub-module remaining in the upper arm and 4 sub-modules in the lower arm. Suppose SM a_up1 , SM c_up1 , SM a_up2 , SM a_up3 , SM b_up2 , SM b_up3 , SM b_up4 , SM c_up3 and SM c_up4 in the system have open-circuit fault in sequence and corresponding fault-tolerant control is carried out. The corresponding sequence of sub-module faults and the post-fault equivalent topology are shown in Figure 12 . Table 2 . The simulation analysis in the above two cases shows that the fault-tolerant control strategy proposed in this paper can be used to calculate the fault-tolerant reconstruction shift parameters online for multiple SM faults. The output line voltage of the system after fault-tolerant control is symmetrical and the amplitude is the largest possible. 
Experimental Verification
In this paper, the correctness of theoretical analysis and simulations is verified by constructing a low-power experimental system of three-phase MMC. The experimental system is shown in Figure 14 , which mainly includes the main circuit, control circuit, power supply, and oscilloscope. Each SM in the main circuit is an Infineon's two-unit IGBT module FF75R12RT4. The control circuit uses a joint control module consisting of DSP + FPGA, where the DSP type is TMS320F28335 and FPGA is Spartan 6 XC6SLX16 (Xilinx, San Jose, CA, USA). The oscilloscope model is Tektronix's MDO3000 (Tektronix, Portland, OR, USA). The specific experimental parameters are as follows: DC bus voltage is U d = 96V, the number of SMs in each phase is 2N = 4, the inductance of the bridge arm is 3 mH, the resistance of the load resistor is 20 Ω, the load inductance is 20 mH, the carrier frequency is 2 kHz, and the base frequency of the three-phase output voltage is 50 Hz, and the modulation ratio is m = 0.8. The experimental system is shown in Figure 14 . The above experimental results indicate that the experimental system can achieve the normal operation of three-phase MMC, the hardware circuit design is correct, and the software control strategy employed is in line with relevant requirements. Thus, the experimental verification is valid.
Fault-Tolerant Control Testing under Single SM Fault
Due to the limited scale of the experimental system, each bridge arm has only two SMs in normal operation. According to the previous analysis of fault tolerance capability, a single SM fault is allowed at most in each arm. Therefore, this experiment performs fault-tolerant control under a single SM fault. Figure 17 shows the output voltage waveforms after fault-tolerant control when a single SM fault occurs in the a-phase upper arm. Figure 17a ,b are the waveforms before and after the a-phase voltage fault. It can be seen that the phase voltage waveform is three levels and the amplitude is 48.2 V in normal operation. In the fault-tolerant operation after fault, as the a-phase upper arm cannot output modulation waves continuously, the DC side neutral point shifts downward. The maximum output power of the three phase voltages is reduced to half that in normal operation, the output voltage is reduced to two levels, and the amplitude is reduced to 24.4 V. Figure 17c ,d are the waveforms before and after the line voltage fault. In normal operation, it is five levels and the amplitude is around 96 V. After fault, the line voltage decreases to three levels and the amplitude decreases to around 50 V. Figure 17e ,f are the waveforms of the neutral point shift voltage before and after the fault. The average value is 0 V in normal operation, and in fault-tolerant operation, it shifts upward, with an average of about 50 V. Therefore, the neutral point shift at this time occurs only on the DC side. The experimental results are basically consistent with the theoretical analysis, which indicates the validity of the proposed fault-tolerant control strategy based on neutral point compound shift. 
Conclusions
This paper, with modular multilevel converters as the research object, studies the fault-tolerant control optimization strategy after sub-module fault occurs. The main work and contributions can be summarized as follows:
(1) The fault tolerance capability of each phase bridge arm in the MMC under PDPWM modulation is analyzed. It can be seen that the maximum number of faulty SMs allowed in each phase of the bridge arm of the system is limited, and correspondingly, the fault tolerance capability of each phase bridge arm is also limited. (2) An optimization strategy based on neutral point compound shift is proposed, and the main contributions are: (i) It realizes fast acquisition of fault-tolerant reconstruction adjustment parameters by optimizing AC side phase voltage vector reconstruction, and the calculation complexity of neutral point shift parameters is reduced considerably; (ii) Through the neutral point DC side shift control method, the number of single-arm faulty SMs that can be fault-tolerant in the MMC system could be raised from N/2 − 1 to N − 1, which makes full use of the software and hardware resources to improve the fault tolerance capability effectively; (iii) Within the fault tolerance range, the selection of an optimal neutral point can help make sure the output line voltage of the system is symmetrical and the amplitude is as large as possible after fault tolerance control. (3) The simulations in the Matlab/Simulink environment and experiments with a low-power MMC-based prototype are all studied with the proposed controller under different fault
